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Abstract

Objective—Sex hormone (SH) levels may contribute to sex differences in the risk of heart failure 

with preserved ejection fraction (HFpEF). We examined the associations of SH levels with left 

ventricular mass (LVM) and mass(M):volume(V) ratio, which are risk markers for HFpEF.

Study Design—We studied 1,941 post-menopausal women and 2,221 men, aged 45–84 years, 

participating in the Multi-Ethnic Study of Atherosclerosis (MESA). Serum SH levels, cardiac 

magnetic resonance imaging (MRI) and ejection fraction (EF) ≥50% had been recorded at baseline 

(2000–2002). Of these participants, 2,810 underwent repeat MRI at Exam 5 (2010–2012). 

Stratified by sex, linear mixed-effect models were used to test associations between SH and sex 

hormone binding globulin (SHBG) level [per 1 SD greater log-transformed(SH)] with baseline and 

change in LV structure. Models were adjusted for age, race/ethnicity, center, height, weight, 

education, physical activity and smoking, and, in women, for hormone therapy and years since 

menopause.

Main Outcome Measures—LVM and M:V ratio.

Results—After a median of 9.1 years, higher free testosterone levels were independently 

associated with a modest increase in LVM (g/yr) in women [β=0.05 (95%CI 0.01, 0.10)] and men 

[0.16 (0.03, 0.28)], while higher SHBG levels were associated with less LVM change (g/yr) in 

women [−0.07 (−0.13, −0.01)] and men [−0.15 (−0.27, −0.02)]. In men, higher 

dehydroepiandrosterone and estradiol levels were associated with increased LVM. Among women, 

free testosterone levels were positively and SHBG levels inversely associated with change in M:V 

ratio.

Conclusion—A more androgenic profile (higher free testosterone and lower SHBG levels) is 

associated with a greater increase in LVM in men and women and greater increase in M:V ratio in 

women over the course of 9 years.

Graphical Abstract

Keywords

Sex Hormones; Sex differences; left ventricular remodeling; Cardiac magnetic resonance imaging; 
Epidemiology
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1.0 Introduction

Heart failure (HF) with preserved ejection fraction (HFpEF) accounts for half of all HF 

cases and is more prevalent among women.[1] Changes in left ventricular (LV) structure, 

such as LV hypertrophy and LV concentric remodeling [i.e. increased mass-to-volume 

(M:V) ratio], are risk markers for incident HFpEF.[2] Treatments that reduce LV mass 

(LVM) are associated with a decreased risk for incident cardiovascular disease (CVD) and 

HF.[3] Thus, imaging indices of LV structure are important prognostic risk markers.[4]

Sex differences in LV structure have been observed. Men have a greater LV end diastolic 

volume (LVEDV) and LVM, even after adjusting for differences in body size.[5, 6] Sex 

hormones may influence LV structure differently in men vs. women. For example, a prior 

study in men found lower androgen levels [i.e. testosterone (T)] were associated with greater 

LVM.[7] However, the opposite pattern was seen in hypertensive peri-menopausal women, 

with higher androgen levels (free T) associated with LV diastolic dysfunction.[8]

At the menopausal transition, women experience drastic changes in the levels of endogenous 

sex hormones with an abrupt decrease in estradiol (E2) and sex hormone binding globulin 

(SHBG), as well as a concommitant but more gradual decrease in total T. In women, a more 

androgenic pattern of sex hormones after menopause has been associated with elevated 

blood pressure (BP), insulin resistance, and other CVD risk factors.[9, 10] Thus, a more 

androgenic profile may lead to adverse LV remodeling in post-menopausal women and 

potentially contribute to the female predominance of HFpEF risk at older ages.

Prior studies evaluating sex hormones and LV structure have been limitated by cross-

sectional designs and smaller sample sizes.[7, 8] It is still uncertain how sex hormone levels 

may influence cardiac structure over time after accounting for changes in established CVD 

risk factors. Therefore, we studied the cross-sectional and longitudinal associations of sex 

hormone levels with LV structure in a multi-ethnic population without clinical CVD at 

baseline. We hypothesized that a more androgenic sex hormone profile at baseline (i.e. lower 

E2, higher free T, and lower SHBG) would be longitudinally associated with increased LVM 

and increased M:V ratio (i.e. concentric remodeling) among post-menopausal women but 

not men.

2.0 Methods

2.1 Study Population

The Multi-Ethnic Study of Atherosclerosis (MESA) is an ongoing prospective cohort 

investigating subclinical CVD in a community-based sample of 6,814 men and women aged 

between 45–84yrs at baseline. Participants were recruited from four race/ethnicities across 

six U.S. centers, as described previously.[11] MESA exclusion criteria included a history of 

clinical CVD or HF (assessed by self-reported questionnaire), weight >300lb, and any 

restriction to participation. For our analysis, we excluded pre-menopausal women, as sex 

hormone levels substantially change after menopause.
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Our study had two components (Figure 1): 1) cross-sectional analyses (N=4,162) of 

participants at baseline (2000–2002) who had available sex hormone and cardiac MRI data, 

and a preserved ejection fraction (EF ≥50%) and 2) longitudinal analyses (N=2,810) that 

included participants with an additional follow-up MRI at Exam 5 (2010–2012). The 

protocols of MESA were approved by the institutional review boards of all collaborating 

institutions; all participants provided written informed consent.

2.2 Exposure variables

Baseline serum sex hormones were measured from an early morning fasting blood sample 

and stored at −70°C. Hormone assays were performed at the University of Massachusetts 

Medical Center in Worcester, MA. E2 was measured using an ultrasensitive 

radioimmunoassay kit (Diagnostic System Laboratories, Webster, TX). Total T and 

dehydroepiandrosterone (DHEA) were measured using radioimmunoassay kits, and SHBG 

was measured by chemiluminescence enzyme immunometric assay using Immulite kits 

(Diagnostic Products Corporation, Los Angeles, CA).[9] Free T was calculated using the 

Sodergard method[12] and reported as percent of total T. The intra-assay coefficients of 

variation for total T, SHBG, DHEA, and E2 were 12.3%, 9.0%, 11.2%, and 10.5%, 

respectively.

2.3 Outcome variables

LV parameters (LVM, LVEDV, and M:V ratio) were measured by cardiac MRI at baseline 

and Exam 5. Left atrial size parameters were not measured from the MRIs and thus not 

available for analysis. The cardiac MRI was performed using 1.5T magnets with a phased 

array surface coil placed both anteriorly and posteriorly with ECG gating. The MRI 

consisted of long and short axis images taken during short breath holding at resting lung 

volume. Further details of the MRI protocol have been described previously.[6, 13] MRI 

images were analyzed at the central reading center at the Johns Hopkins Hospital, Baltimore, 

MD.

LVM was measured at end-diastole. Papillary muscles were included in the LVEDV 

measurement and excluded from LVM. Interventricular septum was included in the LVM. 

The intraclass correlation was 0.98 for LVM and 0.98 for LVEDV for baseline MRI data.

[13] The overall interobserver intraclass correlation coefficients for LVM and LVEDV were 

0.95 and 0.96.[6]

2.4 Covariates

Standard questionnaires assessed race/ethnicity, education level, smoking status, and 

physical activity (defined as intentional exercise in METS*min/week). Medications were 

determined by an inventory. Menopausal status was determined by an algorithm 

incorporating self-reported status, age, age at menopause/hysterectomy/ovariectomy, and 

hormone therapy (HT) use.[14] Only post-menopausal women were included.

Height and weight were measured per standardized procedures.[11] Resting BP was 

measured three times in the seated position using a Dinamap automated 

sphygmomanometer, and average of the 2nd and 3rd readings was used. Diabetes was 
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determined by self-reported physician diagnosis, a fasting glucose level of ≥126 mg/dl, or 

the use of hypoglycemic medication. Covariates were assessed at Exams 1 and 5.

2.5 Statistical analysis

Baseline characteristics were stratified by sex and summarized using means (standard 

deviations (SD)), medians (interquartile interval), or percentages. The sex hormone levels 

were postively skewed and thus were logarithmically-transformed and analyzed per 1 SD of 

their natural log. LV measures were used as continuous variables.

To assess the longitudinal associations between baseline sex hormones and LV structure 

changes over time, we used multivariable-adjusted linear mixed effect models, and allowed 

for random variations in baseline sex hormones and longitudinal slopes of sex hormones 

across participants. Independent covariance structure between random intercept and random 

slope was used. The longitudinal effect was estimated by the coefficient of interactions 

between sex hormones and time since baseline. The cross-sectional effect was estimated by 

the coefficient of sex hormones, which corresponds to difference of LV structure when time 

since baseline=0.

Results were stratified by sex. In our primary model (Model 1), we adjusted for potential 

confounders of age, race/ethnicity, center, height, weight, education, physical activity, and 

smoking status. Additionally, in women, we adjusted for HT use and years since menopause. 

An additional model (Model 2) further adjusted for CVD risk factors that may be in the 

causal pathway between sex hormone levels and LV structure including systolic BP, anti-

hypertensive medication use, total and HDL cholesterol, lipid lowering medication use, and 

diabetes. For the longitudinal analyses, time-varying changes of these covariates were 

included in the models.

To evaluate for possible non-linear dose-response associations between sex hormones and 

LVM, we used restricted cubic splines of sex hormones with knots at the 5th, 35th, 65th and 

95th percentiles of their sample distributions. The p-values for the nonlinear spline 

components were not significant, indicating that the associations were approximately linear.

We performed some supplementary analyses. We repeated analyses among women not 

taking HT at baseline. We repeated analyses excluding individuals with an incident CVD 

event between Exams 1 and 5. We also performed regression analysis with all sex hormones 

mutually adjusted for each other in one model, from which we excluded free T, as free T is 

mathematically derived from total T and SHBG.

Statistical significance was defined as a p value of <0.05. All analyses were conducted on 

Stata version 14 (StataCorp, College Station, TX, USA).

3.0 Results

3.1 Participant characteristics

The baseline characteristics of the cross-sectional study sample (N=4,162) stratified by sex 

are depicted in Table 1. Men were slightly younger than women, had higher physical activity 
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levels, were more likely current smokers, had lower systolic BP, and were less likely to be 

taking anti-hypertensive medications. Among women, 34% were current HT users. As 

expected, baseline sex hormone levels varied between men and women such that men had 

higher total T, free T, DHEA and E2, while women had higher SHBG levels. As anticipated, 

men had greater LVM and LVEDV, that persisted after indexing to body surface area.

The baseline characteristics of the cross-sectional sample were further stratified by those 

who had a follow-up MRI (N=2,810) vs. those with a baseline MRI only (N=1,352) and 

presented in Supplemental Table 1. The participant characteristics at Exam 5 are shown in 

Supplemental Table 2. Among those who underwent a repeat MRI, there was an increase in 

the use of antihypertensive and cholesterol-lowering medications, fewer participants had 

normal glucose levels; however the prevalence of current smokers decreased.

3.2 Cross-sectional analysis

Among 1,941 women at the baseline exam (Table 2A), after adjusting for demographics and 

HT use (Model 1), per 1 SD higher log(sex hormone), DHEA was associated with greater 

LVM (g) [β=0.78 (95% CI 0.14, 1.42)]. Free T was associated with higher [1.34 (0.90, 

1.77)] and SHBG with lower [−1.58 (−2.09, −1.07)] average difference in M:V ratio (%). 

Higher free T and lower SHBG were also associated with lower LVEDV (ml). After 

adjustment for additional CVD risk factors (Model 2), the associations of free T and SHBG 

with M:V ratio and LVEDV remained statistically significant.

Among 2,221 men (Table 2B), greater free T [1.29 (0.46, 2.11)] and E2 [0.76 (0.01, 1.52)] 

were positively associated, while total T [−0.83 (−1.56, −0.10)] and SHBG [1.37 (−2.20, 

−0.54)] were inversely associated, with higher M:V ratio. Conversely, higher free T and E2, 

as well as lower total T and SHBG, were associated with lower LVEDV. After adjustment 

for additional CVD risk factors, higher E2 was also associated with lower LVM and LVEDV, 

and total T associated with greater LVEDV.

3.3 Longitudinal analyses

After a median follow-up of 9.1 years, a more androgenic pattern of higher free T and lower 

SHBG was associated with greater LVM in both sexes (depicted in Figures 2 and 3, 

respectively).

Among 1,304 women (Table 3A), higher free T was associated with a modest increase in 

LVM (g/yr) [0.05 (0.01, 0.10)] and M:V ratio (%/yr) [0.07 (0.01, 0.13)], while higher SHBG 

was associated with less change in LVM [−0.07 (−0.13, −0.01)] and M:V ratio −0.09 (−0.16, 

−0.02). There was no association of sex hormones with change in LVEDV. Findings for M:V 

ratio remained consistent after adjustment for additional CVD risk factors (Model 2).

Among women not taking HT (N=836), findings for the associations with LVM remained 

statistically significant (Supplemental Table 3). In this smaller subgroup of non-users of HT, 

the findings for M:V ratio did not reach statistical significance, but the direction and 

magnitude of the associations were similar to the overall cohort of women.
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Among 1,506 men (Table 3B), higher E2 [0.20 (0.08, 0.33)], DHEA [0.14 (0.01, 0.27)], and 

free T [0.16 (0.03, 0.28)], were associated with increased LVM and higher SHBG [−0.15 

(−0.27, −0.02)] with less change in LVM (Model 1), which remained statistically significant 

after adjustment for additional CVD risk factors. There were no significant associations 

between any hormones and LVEDV or M:V ratio.

Sensitivity analyses

Excluding individuals with incident CVD between Exams 1 and 5 (N=175) yielded similar 

results to main findings (Supplemental Table 4). Although all primary analyses adjusted for 

height and weight, both cross-sectional and longitudinal associations were similar when 

using LVM indexed to body surface area instead (Supplemental Table 5). When all sex 

hormones were included in the same model, among women, lower SHBG was significantly 

associated with a longitudinal increase in LVM and M:V ratio in fully-adjusted model 

(Supplemental Table 6). Among men, greater E2 was associated with an increase in LVM 

and M:V ratio (Supplemental Table 7). There were no statistically significant associations 

for the other sex hormones in this mutally-adjusted model.

4.0 Discussion

In a well-characterized multi-ethnic cohort of men and women followed for approximately 

9yrs, we found that the more androgenic pattern of higher free T and lower SHBG was 

associated with greater LVM in both sexes, but was associated with increased M:V ratio 

(indicative of concentric remodeling) only in women. The increase in LVM in men, without 

an increase in M:V ratio, could represent more physiologic remodeling, while the increase in 

M:V ratio, reflective of concentric remodeling, related to this hormone pattern seen in 

women, is a more pathologic precursor to HFpEF. As temporal relationships can not be 

ascertained from cross-sectional studies, our longitudinal evaluation of sex hormones with 

change in LV structure is a key strength of our study.

4.1 Testosterone

As a possible mechanism for the increased prevalence of HFpEF seen in women, we 

hypothesized that higher androgen levels would be associated with increased concentric 

remodeling in women, but not in men. Indeed, prior animal studies have shown opposite 

effects of T on LV structure by sex as seen in post-myocardial infarction rat models, with T 

associated with adverse cardiac remodeling in female rats, which is accentuated in the 

presence of reduced E2 levels,[15] while the opposite was true in post-myocardial infarction 

male rats.[16, 17]

Among men, prior epidemiological studies have shown that low T is associated with worse 

CVD and HF outcomes, as well as worse functional capacity,[18, 19] suggesting that low T 

may be a marker of a poorer health state. Consistent with this, a prior study found that low 

total T was associated with increased LVM among men.[7] While we could not confirm the 

associations with low total T and LVM change in men in our study, we did find that free T 

was associated with increased LVM longitudinally in men. Among women, free T had 

previously been implicated in LV diastolic dysfunction.[8] Our study findings were 
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consistent with this (and with our hypothesis), as we found free T was associated with 

increased LVM and M:V ratio longitudinally in women.

4.2 Estradiol

There are several mechanisms by which E2 may antagonize the concentric remodeling 

caused by androgens. Estrogen can down-regulate angiotensin receptors, improve vascular 

endothelium function, protect against vascular injury, and inhibit adverse remodeling 

processes.[20] Thus the abrupt loss of E2 at menopause (which men do not experience) may 

be an important contributor to the concentric LV remodeling and increased HFpEF risk seen 

in older women.

Animal studies of female rats have shown that lower E2 levels result in an increase in LV 

remodeling, which can be prevented by 17beta-estradiol supplementation.[21] Similarly, in a 

small clinical trial, 17beta-estradiol treatment in post-menopausal hypertensive women 

resulted in a decrease in LVM in the presence of anti-hypertensive medications.[22] Some 

observational studies have shown similar improvements in LVM in women receiving HT.

[23]

Thus, we hypothesized that higher E2 levels would be protective against concentric 

remodeling, but this was not the case in our study. Specifically, in men, greater E2 levels 

were actually associated with increased LVM longitudinally. The reason for this is uncertain, 

but we speculate greater E2 in men may be a marker of more adiposity, although we 

adjusted for baseline weight and changes in weight.

In women, we did not find any association of E2 with markers of LV structural change, but 

E2 levels were very low, even lower than in men, in this sample of post-menopausal women. 

Women on HT had a slightly higher E2 than those who were not on HT but we adjusted for 

this variable (and excluded HT users in sensitivity analyses).

4.3 Sex hormone binding globulin

SHBG binds 17-β-hydroxysteroids such as T (with high affinity) and E2 (with lower 

affinity).[24] Thus, higher SHBG levels result in more T in the bound state. We found 

greater SHBG was longitudinally associated with less increase in LVM for both men and 

women, and for women, this was independent of the other sex hormone levels. Low SHBG 

has been implicated in impaired LV performance in young women with obesity[25] and with 

increased LVM among men[7], which is consistent with our findings.

4.4 DHEA

We found that higher DHEA was longitudinally associated with increased LVM among men, 

with no longitudinal associations seen among women. We did not have any a priori 
hypotheses related to DHEA and LV structure, as animal studies of DHEA have shown 

conflicting results.[26, 27] Previous epidemiological studies have shown that reduced DHEA 

is associated with greater cardiovascular risk in men.[28]
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4.5 Strengths and limitations

The strengths of our study include the ability to conduct longitudinal analyses relating 

baseline sex hormone levels to change in MRI-assessed LV structure in a well-characterized, 

multi-ethnic cohort, after adjustment for baseline and change in CVD risk factors. We 

analyzed changes in LV structure as a surrogate subclinical marker of HFpEF risk to gain 

insight into pathophysiologic mechanisms.

The limitations of our study include only a single measurement of sex hormones at baseline. 

The cross-sectional analysis may have been subject to temporal bias while the longitudinal 

analysis to selection bias. The associations of log(sex hormones) with annual change in the 

LV parameters were modest, and the clinical significance of these findings is uncertain. We 

also performed multiple comparisons, however findings were generally consistent with our a 
priori hypotheses and similar among men and women for LVM. Our study population 

included post-menopausal women. Exploring these relationships in a younger cohort could 

help better understand the role of sex hormones and LV structure during the menopausal 

transition specifically.

5.0 Conclusions

In summary, we found that higher levels of free T and lower levels of SHBG [i.e. a more 

androgenic milieu] are associated with increased LVM, independent of potentially mediating 

CVD risk factors, but this more androgenic pattern was associated with concentric 

remodeling (M:V ratio) only in women. This may be related to the change in sex hormone 

levels that occur in women around menopause that is absent in men and may go toward 

understanding the female preponderance of HFpEF. However, the best interventions to 

mitigate this risk is uncertain, as clinical trials of HT after menopause have not been shown 

to reduce CVD (or HF) risk, although this may have been related to timing of HT.[29] 

Nonetheless, an androgenic sex hormone profile may identify women at risk for concentric 

remodeling who might benefit from other risk-reducing stragies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HFpEF Heart Failure with Preserved Ejection Fraction

CVD Cardiovascular Disease

MRI Magnetic Resonance Imaging

RV Right ventricle

LV Left ventricle

LVM Left ventricular mass

LVEDV Left ventricular end diastolic volume

M V ratio, Left ventricular Mass to Volume ratio

SBP Systolic blood pressure

SH Sex Hormones

T Testosterone

E2 Estradiol

DHEA Dehydroepiandrosterone

SHBG Sex Hormone Binding Globulin

References

1. Bhatia RS, Tu JV, Lee DS, Austin PC, Fang J, Haouzi A, Gong Y, Liu PP. Outcome of heart failure 
with preserved ejection fraction in a population-based study. N Engl J Med. 2006; 355(3):260–9. 
[PubMed: 16855266] 

2. Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA, Rademakers FE, Marino P, 
Smiseth OA, De Keulenaer G, Leite-Moreira AF, Borbely A, Edes I, Handoko ML, Heymans S, 
Pezzali N, Pieske B, Dickstein K, Fraser AG, Brutsaert DL. How to diagnose diastolic heart failure: 
a consensus statement on the diagnosis of heart failure with normal left ventricular ejection fraction 
by the Heart Failure and Echocardiography Associations of the European Society of Cardiology. 
Eur Heart J. 2007; 28(20):2539–50. [PubMed: 17428822] 

3. Mathew J, Sleight P, Lonn E, Johnstone D, Pogue J, Yi Q, Bosch J, Sussex B, Probstfield J, Yusuf S. 
Reduction of cardiovascular risk by regression of electrocardiographic markers of left ventricular 
hypertrophy by the angiotensin-converting enzyme inhibitor ramipril. Circulation. 2001; 104(14):
1615–21. [PubMed: 11581138] 

4. Mann DL, Bogaev R, Buckberg GD. Cardiac remodelling and myocardial recovery: lost in 
translation? Eur J Heart Fail. 2010; 12(8):789–96. [PubMed: 20675667] 

5. Salton CJ, Chuang ML, O’Donnell CJ, Kupka MJ, Larson MG, Kissinger KV, Edelman RR, Levy 
D, Manning WJ. Gender differences and normal left ventricular anatomy in an adult population free 
of hypertension. A cardiovascular magnetic resonance study of the Framingham Heart Study 
Offspring cohort. J Am Coll Cardiol. 2002; 39(6):1055–60. [PubMed: 11897450] 

6. Eng J, McClelland RL, Gomes AS, Hundley WG, Cheng S, Wu CO, Carr JJ, Shea S, Bluemke DA, 
Lima JA. Adverse Left Ventricular Remodeling and Age Assessed with Cardiac MR Imaging: The 
Multi-Ethnic Study of Atherosclerosis. Radiology. 2016; 278(3):714–22. [PubMed: 26485617] 

Subramanya et al. Page 10

Maturitas. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Svartberg J, von Muhlen D, Schirmer H, Barrett-Connor E, Sundfjord J, Jorde R. Association of 
endogenous testosterone with blood pressure and left ventricular mass in men. The Tromso Study. 
Eur J Endocrinol. 2004; 150(1):65–71. [PubMed: 14713281] 

8. Olszanecka A, Kawecka-Jaszcz K, Czarnecka D. Association of free testosterone and sex hormone 
binding globulin with metabolic syndrome and subclinical atherosclerosis but not blood pressure in 
hypertensive perimenopausal women. Arch Med Sci. 2016; 12(3):521–8. [PubMed: 27279843] 

9. Golden SH, Dobs AS, Vaidya D, Szklo M, Gapstur S, Kopp P, Liu K, Ouyang P. Endogenous sex 
hormones and glucose tolerance status in postmenopausal women. J Clin Endocrinol Metab. 2007; 
92(4):1289–95. [PubMed: 17244779] 

10. Haffner SM, Newcomb PA, Marcus PM, Klein BE, Klein R. Relation of sex hormones and 
dehydroepiandrosterone sulfate (DHEA-SO4) to cardiovascular risk factors in postmenopausal 
women. Am J Epidemiol. 1995; 142(9):925–34. [PubMed: 7572973] 

11. Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR, Greenland P, Jacob DR 
Jr, Kronmal R, Liu K, Nelson JC, O’Leary D, Saad MF, Shea S, Szklo M, Tracy RP. Multi-Ethnic 
Study of Atherosclerosis: objectives and design. Am J Epidemiol. 2002; 156(9):871–81. [PubMed: 
12397006] 

12. Sodergard R, Backstrom T, Shanbhag V, Carstensen H. Calculation of free and bound fractions of 
testosterone and estradiol-17 beta to human plasma proteins at body temperature. J Steroid 
Biochem. 1982; 16(6):801–10. [PubMed: 7202083] 

13. Natori S, Lai S, Finn JP, Gomes AS, Hundley WG, Jerosch-Herold M, Pearson G, Sinha S, Arai A, 
Lima JA, Bluemke DA. Cardiovascular function in multi-ethnic study of atherosclerosis: normal 
values by age, sex, and ethnicity. AJR Am J Roentgenol. 2006; 186(6 Suppl 2):S357–65. 
[PubMed: 16714609] 

14. Wellons M, Ouyang P, Schreiner PJ, Herrington DM, Vaidya D. Early menopause predicts future 
coronary heart disease and stroke: the Multi-Ethnic Study of Atherosclerosis. Menopause (New 
York, NY). 2012; 19(10):1081–7.

15. Frantz S, Hu K, Widder J, Weckler B, Scheuermann H, Bauersachs J, Ertl G, Callies F, Allolio B. 
Detrimental effects of testosterone on post-myocardial infarction remodelling in female rats. 
Journal of physiology and pharmacology: an official journal of the Polish Physiological Society. 
2007; 58(4):717–27.

16. Wang XF, Qu XQ, Zhang TT, Zhang JF. Testosterone suppresses ventricular remodeling and 
improves left ventricular function in rats following myocardial infarction. Experimental and 
therapeutic medicine. 2015; 9(4):1283–1291. [PubMed: 25780423] 

17. Nahrendorf M, Frantz S, Hu K, von zur Muhlen C, Tomaszewski M, Scheuermann H, Kaiser R, 
Jazbutyte V, Beer S, Bauer W, Neubauer S, Ertl G, Allolio B, Callies F. Effect of testosterone on 
post-myocardial infarction remodeling and function. Cardiovascular research. 2003; 57(2):370–8. 
[PubMed: 12566109] 

18. Malkin CJ, Pugh PJ, West JN, van Beek EJ, Jones TH, Channer KS. Testosterone therapy in men 
with moderate severity heart failure: a double-blind randomized placebo controlled trial. Eur Heart 
J. 2006; 27(1):57–64. [PubMed: 16093267] 

19. Oskui PM, French WJ, Herring MJ, Mayeda GS, Burstein S, Kloner RA. Testosterone and the 
cardiovascular system: a comprehensive review of the clinical literature. J Am Heart Assoc. 2013; 
2(6):e000272. [PubMed: 24242682] 

20. Mendelsohn ME, Karas RH. The protective effects of estrogen on the cardiovascular system. N 
Engl J Med. 1999; 340(23):1801–11. [PubMed: 10362825] 

21. Xu Y, Arenas IA, Armstrong SJ, Davidge ST. Estrogen modulation of left ventricular remodeling 
in the aged heart. Cardiovasc Res. 2003; 57(2):388–94. [PubMed: 12566111] 

22. Modena MG, Muia N Jr, Aveta P, Molinari R, Rossi R. Effects of transdermal 17beta-estradiol on 
left ventricular anatomy and performance in hypertensive women. Hypertension. 1999; 34(5):
1041–6. [PubMed: 10567179] 

23. Lim WK, Wren B, Jepson N, Roy S, Caplan G. Effect of hormone replacement therapy on left 
ventricular hypertrophy. Am J Cardiol. 1999; 83(7):1132–4. a9. [PubMed: 10190535] 

Subramanya et al. Page 11

Maturitas. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



24. Grasa MD, Gulfo J, Camps N, Alcala R, Monserrat L, Moreno-Navarrete JM, Ortega F, Esteve M, 
Remesar X, Fernandez-Lopez JA, Fernandez-Real JM, Alemany M. Modulation of SHBG binding 
to testosterone and estradiol by sex and morbid obesity. Eur J Endocrinol. 2017

25. Kosmala W, O’Moore-Sullivan TM, Plaksej R, Kuliczkowska-Plaksej J, Przewlocka-Kosmala M, 
Marwick TH. Subclinical impairment of left ventricular function in young obese women: 
contributions of polycystic ovary disease and insulin resistance. J Clin Endocrinol Metab. 2008; 
93(10):3748–54. [PubMed: 18682502] 

26. Alwardt CM, Yu Q, Brooks HL, McReynolds MR, Vazquez R, Watson RR, Larson DF. 
Comparative effects of dehydroepiandrosterone sulfate on ventricular diastolic function with 
young and aged female mice. Am J Physiol Regul Integr Comp Physiol. 2006; 290(1):R251–6. 
[PubMed: 16081880] 

27. Jia C, Chen X, Li X, Li M, Miao C, Sun B, Fan Z, Ren L. The effect of DHEA treatment on the 
oxidative stress and myocardial fibrosis induced by Keshan disease pathogenic factors. J Trace 
Elem Med Biol. 2011; 25(3):154–9. [PubMed: 21602037] 

28. Ponikowska B, Jankowska EA, Maj J, Wegrzynowska-Teodorczyk K, Biel B, Reczuch K, 
Borodulin-Nadzieja L, Banasiak W, Ponikowski P. Gonadal and adrenal androgen deficiencies as 
independent predictors of increased cardiovascular mortality in men with type II diabetes mellitus 
and stable coronary artery disease. Int J Cardiol. 2010; 143(3):343–8. [PubMed: 19395096] 

29. Ouyang P, Michos ED, Karas RH. Hormone replacement therapy and the cardiovascular system 
lessons learned and unanswered questions. J Am Coll Cardiol. 2006; 47(9):1741–53. [PubMed: 
16682298] 

Subramanya et al. Page 12

Maturitas. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• There may be sex differences in the way that sex hormones influence cardiac 

structural change.

• We studied hormones and change in the left ventricle mass (LVM) and 

mass:volume ratio.

• A more androgenic profile was associated with a greater increase in left 

ventricle mass in men.

• An androgenic profile was associated with increased left ventricle mass and 

mass:volume ratio in women.
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Figure 1. 
Flowchart of study sample
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Figure 2. 
Adjusted longitudinal association between free testosterone levels and LVM over median 9.1 

years follow-up in women and men*,†
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Figure 3. 
Adjusted longitudinal association between SHBG levels and LVM over median 9.1 years 

follow-up in women and men*,†

* Adjusted for Model 1 variables

†Curves represent adjusted average difference (solid lines) and their 95% confidence 

intervals (dashed lines) of LVM (g) over median 9.1 years of follow-up based on restricted 

cubic splines for free T (Figure 2) or SHBG (Figure 3) with knots at the 5th, 35th, 65th and 

95th percentiles of their sample distributions. The reference values (diamond dots) were set 

at 20th percentile (1.1 % for free T and 31.5 nmol/L for SHBG)
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Table 1

Characteristics of Participants (N=4,162) at MESA baseline exam (2000–2002)a, b

Characteristic Women (n= 1,941) Men (n= 2,221) p-value

Demographic factors

Age (years) 65 (8.9) 61 (10.1) <0.001

Race/Ethnicity 0.51

 White, Caucasian 40 39

 Chinese American 13.8 14.1

 Black, African-American 24.3 23.3

 Hispanic 21.8 22.8

Education <0.001

 < high school 19.8 15.4

 high school 21.4 14.6

 < college 28.4 25.9

 ≥ college 30.3 44.1

Lifestyle Factors

Physical activity (METS*min/wk) 3660 (1815, 6540) 4500 (2205, 8460) <0.001

Smoking status <0.001

 Never 60 42.9

 Former 30.3 43.2

 Current 9.7 13.9

Cardiovascular Risk factors

Height (cm) 159.5 (7.0) 173.5 (7.7) <0.001

Weight (lb) 156.5 (33.6) 182.1 (32.2) <0.001

Body Mass Index (kg/m2) 27.9 (5.4) 27.4 (4.1) <0.01

Hypertension 48.3 40.25 <0.001

Systolic Blood Pressure (mm Hg) 128.0 (23.4) 125.1 (19.2) <0.001

Diastolic Blood pressure (mm Hg) 68.9 (10.3) 74.8 (9.3) <0.001

Anti-hypertensive medication 40.5 33.6 <0.001

Total cholesterol (mg/dl)c 202.1 (35.9) 186 (165, 209) <0.001

HDL cholesterol (mg/dl)c 57.4 (15.7) 43 (37, 51) <0.001

Cholesterol lowering meds 19.7 15.4 <0.001

Diabetes mellitus status <0.01

 Normal 76.9 72.5

 Impaired fasting glucose 11.9 15.3

 Diabetes 11.3 12.2

eGFR 75.7 (15.6) 78.6 (15.6) p <0.001

Current HT (n=651) 33.5 <0.001

Sex Hormones

 Total T (nmol/L) 0.9 (0.6, 1.3) 14.4 (11.6, 17.9) <0.001

 Free T (%) 1.3 (0.9, 1.7) 2.0 (1.7, 2.4) <0.001
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Characteristic Women (n= 1,941) Men (n= 2,221) p-value

 Estradiol (nmol/L) 0.07 (0.04, 0.17) 0.1 (0.1, 0.1) <0.001

 DHEA (nmol/L) 10.2 (7.0, 14.4) 12.7 (9.2, 17.2) <0.001

 SHBG (nmol/L) 60.6 (41.2, 98.2) 40.4 (31, 52.4) <0.001

LV measures

LV EF (%) 64.0 (5.2) 61.9 (5.3) <0.001

LV EDV (ml) (indexed to BSA) 66.0 (10.4) 72.0 (13.3) <0.001

LV mass (g) (indexed to BSA) 59.8 (9.2) 69.8 (11.2) <0.001

LV ESV (ml) (indexed to BSA) 23.7 (5.0) 27.4 (6.4) <0.001

a
Data are mean (SD), for normally distributed variables, median (25th, 75th percentiles) for skewed variables, or (%) for categorical variables. P 

values were obtained using t-test or the chi-square test.

b
Abbreviations: MESA, Multi-Ethnic Study of Atherosclerosis; HDL, high density lipoprotein; eGFR, estimated glomerular fibrillation rate; HT, 

hormone therapy; T, testosterone; DHEA, dehydroepiandrosterone; SHBG, sex hormone binding globulin; LV, left ventricular; EDV, end diastolic 
volume; EF, ejection fraction; ESV, end systolic volume, BSA; body surface area

c
To convert Total and HDL cholesterol from mg/dl to mmol/L, divide by 38.67
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